Introduction: Workers involved in the production of Cd/As-based photovoltaic modules may be routinely or accidentally exposed to As-or Cd-containing inorganic compounds. Methods: Workers' exposure to As and Cd was investigated by environmental monitoring following a worst-case approach and biological monitoring from the preparation of the working facility to its decommissioning. Workplace surface contamination was also evaluated through wipe-test sampling. Results: The highest mean airborne concentrations were found during maintenance activities (As = 0.0068 µg m ). These types of operations were conducted for a limited time during a typical work shift and only in specifically suited containment areas, where the highest surface concentrations were also found (laboratory: As = 2.94 µg m ). The As and Cd urinary levels (As_u; Cd_u) were not significantly different for exposed (As_u = 6.11 ± 1.74 µg l −1 ; Cd_u = 0.24 ± 2.36 µg g −1 creatinine) and unexposed workers (As_u = 6.11 ± 1.75 µg l −1 ; Cd_u = 0.22 ± 2.08 µg g −1 creatinine). Conclusion: Despite airborne arsenic and cadmium exposure well below the threshold limit value (TLV) when the operation is appropriately maintained in line, workers who are involved in various operations (maintenance, laboratory test) could potentially be at risk of significant exposure, well in excess of the TLV. Nevertheless, the biological monitoring data did not show significant occupationally related arsenic and cadmium intake in workers and no significant changes or differences in arsenic and cadmium urinary level among the exposed and unexposed workers were found. KEY WOR DS : biological monitoring; exposure assessment; local exhaust ventilation; personal protective clothing; risk assessment; risk management; surface contamination
A BSTR ACT
Introduction: Workers involved in the production of Cd/As-based photovoltaic modules may be routinely or accidentally exposed to As-or Cd-containing inorganic compounds. Methods: Workers' exposure to As and Cd was investigated by environmental monitoring following a worst-case approach and biological monitoring from the preparation of the working facility to its decommissioning. Workplace surface contamination was also evaluated through wipe-test sampling. Results: The highest mean airborne concentrations were found during maintenance activities (As = 0.0068 µg m ). These types of operations were conducted for a limited time during a typical work shift and only in specifically suited containment areas, where the highest surface concentrations were also found (laboratory: As = 2.94 µg m ). The As and Cd urinary levels (As_u; Cd_u) were not significantly different for exposed (As_u = 6.11 ± 1.74 µg l −1 ; Cd_u = 0.24 ± 2.36 µg g −1 creatinine) and unexposed workers (As_u = 6.11 ± 1.75 µg l −1 ; Cd_u = 0.22 ± 2.08 µg g −1 creatinine). Conclusion: Despite airborne arsenic and cadmium exposure well below the threshold limit value (TLV) when the operation is appropriately maintained in line, workers who are involved in various operations (maintenance, laboratory test) could potentially be at risk of significant exposure, well in excess of the TLV. Nevertheless, the biological monitoring data did not show significant occupationally related arsenic and cadmium intake in workers and no significant changes or differences in arsenic and cadmium urinary level among the exposed and unexposed workers were found.
IN TROD UCTION
The technology to fabricate CdTe/CdS-based thinfilm solar cells can be considered mature for large-scale production, given that some process innovations were defined in the last few years, such as specific applications of close-space sublimation and radio-frequency sputtering (Bosio et al., 2006) . These discoveries are considered useful to simplify the production process, making it easier and more scalable to industrial scale and making the concept of a manufacturing plant as a single inline thin-film processing unit possible.
The aim of the studied production process was to obtain multilayer thin films of different semiconductors deposited on a glass panel that could be treated with laser scribing to obtain electrical connections between all of the cells constituting the module. The production process in the studied company was organized as follows: (i) acceptance of raw materials and quality control and (ii) storage; (iii) production of the photovoltaic module and (iv) finishing operations (electrical contacts, coverage); (v) quality control and testing process; and (vi) storage of the complete modules. All of these tasks were performed within a single building, organized to accommodate separated areas for each specific activity. In detail, the production site has a total area of ~10 200 m 2 (111 200 m 3 ). This building was divided into (i) a non-productive area (e.g. offices, locker room) with a total surface of ~500 m 2 ; (ii) warehouses for raw materials and finished products (~1700 m 2 ); and (iii) a laboratory (100 m 2 ) for quality control and production test simulation. The production line was situated in a central open-space area (production facility) of ~8000 m 2 (85 000 m 3 ). The core of the production line was fully automated with minimal human intervention; only module-finishing and maintenance operations required manual interventions. The production process was organized as follows: the glass panels moved on a rail used to travel into nine process chambers and leave the production machine when the photovoltaic modules were completed. The semiconductor deposition processes were conducted in high-vacuum (0.001 mbar) or low-vacuum (100 mbar) and high-temperature (250-400°C) conditions.
Risk management strategy
A multilayer approach for preventing and mitigating exposure was implemented to eliminate or control the exposure associated with occupational handling of hazardous materials and reduce their consequences (Mirer, 2008) during the productive period. This risk management strategy was developed to contain arsenic and cadmium on the basis of a hierarchy of controls that includes engineering controls, warnings, training and procedures, specific work practices, and personal protective equipment (PPE) for each different work task (Table 1) . Processes such as maintenance work (e.g. scraping, cleaning) and laboratory tests and simulations (analysis of end products, semi-finished modules, or raw semiconductors; pilot-scale deposition simulations) 
Exposure assessment
Environmental monitoring (As and Cd atmospheric sampling; surface sampling); biological monitoring program (As and Cd urinary levels) present occupational health risks arising from the emission of fine particles of arsenics-and cadmium-containing compounds (Edelman, 1990) . For these activities, specific collective protection devices were also introduced, such as powder containment booths and chemical hoods, to avoid workplace contamination and to minimize workers' exposure. Thus, this type of activity was performed in accordance with specific standard operating procedures (SOPs) that included the requirement for sufficient purging time, the use of appropriate techniques to minimize exposure, the introduction of specific workplace and self-cleaning operating procedures (high efficiency particulate air filter (HEPA)-filtered vacuum cleaners), and the use of high-level PPE (e.g. Tyvek® overalls and filtering full-face mask with FFP3-class exhalation valve). The cleaning routine and the decommissioning process required specific SOPs, too. These last addressed the isolation of the contaminated area, the aspiration and abatement of air contamination in the isolated work areas by ventilation systems (HEPA filtered), the protection of uncontaminated surfaces and equipment from possible contamination events, and the protection of workers engaged in cleaning work practices with PPE. Some concerns were raised regarding the health aspects linked to the presence of hazardous chemicals (such as CdS, CdTe, As 2 Te 3 ) needed for production process, which are considered carcinogenic or probably carcinogenic by inhalation (CdS and CdTe) (IARC, 1997; NIOSH, 2005; SCOEL, 2010; ACGIH, 2013) or carcinogenic to humans (As 2 Te 3 ) (IARC, 1987; NIOSH, 1997) . Exposure to inorganic As and Cd compounds was associated with a higher frequency of skin and lung cancer, and chronic poisoning could lead to a wide range of symptoms. Thus, chronic exposure to inorganic As and Cd compounds is considered a potential occupational hazard (Aoki et al., 1990; Horng et al., 2002) . Generally, the occupational health hazards presented by Cd and As compounds change with their physical state and mode of exposure. The studied workers may be routinely or accidentally exposed to As-or Cd-containing inorganic compounds, and inhalation is probably the most important exposure pathway because of the larger potential for exposure and higher absorption efficiency of Cdand As-containing compounds in the lung than in the gastrointestinal tract or skin. Processes such as feedstock preparation and maintenance, in which these chemicals are used or produced as fine particles or fumes, present the highest occupational health risks in the semiconductor industry (Fthenakis, 2001) .
This study was developed in order to evaluate workers' exposure for different working task and throughout the plant history (from 'background' to 'restoration'), by means of environmental (air sampling) and biological (end-shift urine samples) monitoring. Further, surface sampling campaigns were performed to qualitatively evaluate the general workplace contamination.
M ATER I A L S A ND M ETHODS
The exposure assessment was performed during a 5-year period, including the beginning of production ('background'-July 2009), the productive period (September 2010 -September 2013 , and the plant decommissioning and restoration (September 2013 -March 2014 . The monitoring activity consisted of sampling and analysis of arsenic and cadmium both by environmental (23 sampling sessions) and biological monitoring (5 sampling sessions). Air and surface sample collection were carried out in different workplace environments (production facility, powder containment booths, laboratory, outdoors) and during different operating conditions (background, maintenance work, laboratory tests, end of work shift, plant shutdown, and decommissioning).
Air monitoring: sampling and analysis Air samples were collected and analysed by the NIOSH 7300 method (NIOSH, 2003a) and in accordance with a standard sampling practice (EN 689:1995) . The sampling design consists of the combination of (i) high-flow total suspended particulate (TSP) sampling [filter cassette for TSP, 47-mm mixed cellulose esters (MCE) filter; flow rate = 25.0 l min ). Low-flow personal samples were collected in the breathing zone of workers for whom high exposures were expected (worst-case exposure scenario). Furthermore, inhalable particles and TSP were also monitored by fixed-site sampling in different areas of the sampling site; when feasible, these sampling lines were placed at the same time and place of personal sampling. Typically, each sampling campaign consisted of two personal sampling and one or two fixed-site sampling points. The aim of this protocol was to characterize the exposure concentration associated with each working task and working place, as well as the general workplace concentration. For this reason, while most of the fixed-site sampling refers to 8-h time weighted average (TWA) samples, all personal samples and some fixed-site samples were collected on the basis of a worst-case approach: these last must be considered short-term (approximately from 60 to 120 min), task-based samples. Thus, the interpretation of the environmental concentration is limited by the fact that the reported results are not representative of a typical 8-h TWA personal exposure. Microwave-assisted acid digestion was used to digest the samples (procedure now described in a separate NIOSH method; NIOSH, 2014) : ultrapure nitric acid produced by sub-boiling distillation (Milestone Duopur) was used for sample digestion, bottle cleaning, standard and blank preparation. Trace elements were simultaneously determined by inductively coupled plasma-mass spectrometry (ICP-MS, X Series II from Thermo, Rodano, Milan, Italy). A protocol of QA/QC was strictly followed, including allowing a 1-h warm up time, mass calibration of the instrument, check of sensitivity and signal stability by tune solutions, blank measurements, calibration for each analysis batch, control charts, and analysis of synthetic samples.
Surface contamination: sampling and analysis Surface samples ('wipe sampling') were collected and analysed according to the NIOSH 9102 method (NIOSH, 2003b) . Sampling was performed with filter paper (quantitative filter paper-ashless) moistened with ultrapure water using a 15-cm long square template to define the sampling area. Samples were taken in different positions (especially where higher concentrations were expected-worst-case exposure scenario) and during different plant life periods (Table 3 ) through a dedicated protocol developed for the standardization of the sampling activity. Environmental samples were digested with nitric acid in a microwave digestion bomb and analysed by ICP-MS, as described above.
Biomonitoring: urine collection and analysis A spot urine specimen was collected from groups of workers at the end of the last working shift of the week (at approximately half-year frequencies). Workers were a priori classified as 'unexposed' (N = 8; office administrators-control group) or 'exposed', including two group of production workers, 'operators' (N = 14; directly involved in laboratory tests or maintenance activities) and 'engineers' (N = 16; not involved in laboratory tests or maintenance activities). Office administrators were assumed to be unexposed to arsenic and cadmium because they did not have an active role in the production activity and they were not required to enter the production area. Further, drift from productive area into offices was assumed to be negligible, due to the presence of a 'decontamination area' at the exit of the production area, in which ventilation systems were placed in order to ensure the aspiration and abatement of air contamination in the isolated work areas by ventilation systems. The collection of biological samples was performed in the context of risk evaluation, according to Italian law for health and safety at the workplace (Italy Parliament and Senate, 2008) , under the supervision of an occupational health physician. Arsenic was determined as inorganic arsenic and its two major organic metabolites in urine: monomethylarsonic acid and dimethylarsinic acid (As_u). To this aim urine was first submitted to chemical speciation by ion exchange chromatography to remove arsenobetaine; the resulting fraction was analysed by atomic absorption spectrophotometry with electrothermal atomization (GfAAS Soolar M6; Thermo, Rodano, Milan, Italy) according to Buratti et al. (1984) . Cadmium in urine (Cd_u) was determined by atomic absorption spectrophotometry with electrothermal atomization (GF-AAS Solar M60; Thermo Scientific, Rodano, Milan, Italy) as previously reported (Angerer, 1988) . The certified reference material used for quality control was Seronorm™ Trace Elements Urine L-1 (SERO, Norway, lot 1011644, acceptable range for arsenic: 47-111 µg l ). Analytic work was considered acceptable only when the reference material run within the sample sequence was within the acceptable range. In order to account for concentration or dilution of urine samples, and to enable accurate interpretation of urinary results, urine samples were accepted only if creatinine concentration were >0.3 g l −1 and <3.0 g l −1 (ACGIH, 2013).
Limit of detection and limit of quantification The limits of detection (LODs) were determined according to the International Union of Pure and Applied Chemistry (IUPAC) recommendation: three times the blank standard deviation divided by the sensitivity (Currie, 1995) . Operatively, a blank value for the elements of interest was obtained for each batch of analysis by determining the values in the three employed matrices (47-and 25-mm MCE filters and filter paper) following the same procedure used for the samples. The standard deviations of these values were subsequently used to calculate the LODs. Analytical limits of quantification (LOQs) were considered to be 3-fold larger than LOD. Regarding air samples analysis, the LOQs for arsenic in were 0.0014 µg m −3 (fixed site) and 0.017 µg m −3 (personal); the LOQs for cadmium were 0.0028 µg m −3 (fixed site) and 0.0037 µg m −3 (personal). Concerning surface analysis, the LOQs were 5.5 µg m −2 for arsenic and 3.5 µg m −2 for cadmium. For urinary biomarkers, LOQ was defined as the concentration corresponding to five times the standard deviation of the signal in the blank sample and was 1 and 0.3 µg l −1 for As_u and Cd_u, respectively.
Statistical analyses Statistical analyses (' ANOVA': one-way analysis of variance for normally distributed variables with the Bonferroni post-hoc test; 'KW': Kruskal-Wallisone-way ANOVA; and 'MW': Mann-Whitney U-test for non-normally distributed data) were performed using IBM SPSS 20.0 (IBM, Armonk, NY, USA) to compare the differences between environmental concentrations of arsenic and cadmium as a function of (i) the period of the plant history, (ii) working conditions/task, and (iii) sampling position. Moreover, the differences observed in biological sampling were analysed and discussed as a function of workers' exposure condition and time period. Statistical results were regarded as significant when p < 0.05. All of the results below the LODs were replaced by substitution with 'LOD/2' (Hornung and Reed, 1990) . Results are presented as the geometric mean and geometric standard deviation.
R E SULTS
In total, N = 108 particulate matter (PM) samples, N = 69 urine specimens, and N = 147 wipe tests were collected during this study. Data were analysed on the basis of the variables considered hereafter to determine the local and temporal patterns in exposure concentrations and in workplace contamination.
Air monitoring Fixed-site air monitoring results (Table 2) showed statistically significant differences for airborne concentrations of arsenic (p KW < 0.001) and cadmium (p KW < 0.001) among different work areas. The mean airborne cadmium concentration in the production facility was one order of magnitude higher than the outdoor background concentration (p MW = 0.001) and the same order of magnitude for As (p MW = 0.722). On average, concentrations were higher (up to three orders of magnitude for cadmium) in the containment booths and in the laboratory than in the rest of the production facility (p MW < 0.001), for both personal and fixed-site monitoring. Arsenic concentrations were generally lower (mean value on the order of 10 -3 µg m ) in each location. The results indicated that very high levels of atmospheric and surface contamination were found in some specific environments (laboratory and powder containment booths), but this contamination did not affect the rest of the workplace (production facility and non-manufacturing areas). Differences in the levels of the two metals among different work tasks were also statistically significant (arsenic: p KW < 0.001; cadmium: p KW < 0.001); the highest mean concentration and the widest data variability were observed during maintenance activities and during laboratory tests rather than during the production routine or after the end of the work shift. Statistically significant differences (p MW < 0.001) were detected between fixed-site and personal monitoring (these last were performed only during the production period). Differences in the personal exposures to cadmium among different work tasks and locations were also statistically significant (p MW < 0.001).
Surface contamination monitoring
Results from wipe-test sampling (Table 3) showed statistically significant differences in surface contamination levels, especially for cadmium (arsenic: p KW = 0.044; cadmium: p KW < 0.001). Cadmium surface concentrations were higher in the containment booths (two orders of magnitude; p MW < 0.001) and in the laboratory (one order of magnitude; p MW = 0.141) with respect to the rest of the production facility and other connected environments (e.g. locker rooms). The surface contamination for arsenic compounds was on the same order of magnitude in every sampling area, with higher mean concentrations found in the containment booths (same order of magnitude; p MW = 0.039) with respect to the rest of the production facility. The surface concentration defined during the production phase was consistently and significantly higher (p KW < 0.001) than background levels. Surface sampling was performed after the end of the production activity and after an early cleaning (plant shutdown/decommissioning) only in areas in which surface contamination was assumed to be high (e.g. powder containment booths, laboratory) and was then repeated after the plant restoration in the general workplace area (production facility). FS, fixed-site sampling; P, personal sampling; TB, short-term, task-based sampling; 8h, 8-h TWA sampling; GM, geometric mean; GSD, geometric standard deviation; Max, maximum. As: TLV-TWA = 10 µg m 
Biological monitoring
Biological monitoring results (Table 4) showed that urinary As_u and Cd_u were not significantly different (arsenic: p ANOVA = 0.422; cadmium: p ANOVA = 0.939) between exposed and unexposed subjects. No significant differences (arsenic: p ANOVA = 0.365; cadmium: p ANOVA = 0.937) were found between different categories of exposed workers (engineers and operators).
Plant life-cycle stage
Cadmium and arsenic air and surface concentrations (Tables 2 and 3 ) defined during the production phase were consistently and significantly higher (p KW < 0.001) than background levels. The results from wipe-test sampling (Table 3 ) also showed a slight increase in the surface level with respect to background values during the decommissioning period. Concentrations similar to the background levels were then found after the plant shutdown and restoration (p MW > 0.05). Biological monitoring did not show any statistically significant variations (arsenic: p ANOVA = 0.483; cadmium: p ANOVA = 0.083) between baseline values and levels measured during the productive period (first to fourth sampling session). Figures 1 and 2 present the percentual variation of arsenic and cadmium in air, surface, and biological samples, during different plant life-cycle stage, providing an indication of the differences in environmental and biological monitoring throughout the plant history. ), measured at a personal level during maintenance that was two orders of magnitude lower than occupational exposure thresholds. In contrast, workers' exposure to cadmium was found to be higher than the most conservative TLV defined by ACGIH (2 µg m −3 -respirable fraction), especially for workers involved in maintenance activity or laboratory tests (Table 1 ). In particular, while As concentrations were always below the proposed occupational threshold limit (NIOSH, 1997; OSHA, 2010; ACGIH, 2013) (ACGIH, 2013) (N = 22/108). The differences in air contamination between arsenic and cadmium compounds reflect the different amounts of raw materials used for the production of thin-film solar cells, which contain a thick layer of CdTe in comparison with very thin layers of CdS and As 2 Te 3 (Bosio et al., 2006) . Moreover, most of the exposure data referred to CdTe (69%) and CdS (21%) deposition chambers, and few are appropriately maintained in line with engineering controls such as closed-loop production line, enclosure, shielding of the operation equipment, and exhaust ventilation (Table 4 ). The maximum exposure levels to arsenic and cadmium measured in the production department in the usual operating conditions were 0.20 and 0.76 µg m −3
DISCUSS ION

Air monitoring
, respectively, which are far below (at least one order of magnitude) the respective occupational exposure thresholds. This evidence suggests that workers who are regularly or occasionally involved in maintenance work have higher potential for occupational exposure than operators who are in charge of routine production work. Further, exposure levels may vary considerably depending on several factors, such as cleaning frequency, contamination level, and presence and efficiency of engineering controls. Statistically significant differences (p KW < 0.001) were detected between personal and fixed-site monitoring; as expected, the highest mean concentrations were typically observed for personal sampling rather than for fixed-site sampling performed during the same work task and/or in the same location. This difference is probably because operators need to operate very close to the particles sources and because of the absence of a local exhaust ventilation (LEV) system, which would be useful to reduce occupational exposure.
Surface contamination monitoring
Arsenic-and cadmium-containing compounds were also found to be deposited on various surfaces, primarily in association with maintenance work (powder containment booth) and laboratory tests (Table 3) . Even when airborne concentrations were below the TLVs, arsenics and cadmium compounds can accumulate on floors, equipment, and work surfaces. Regarding surface contamination, there are no standards or guidelines aimed at defining a well-established assessment criterion. Thus, a literature search was conducted to analyse possible decontamination methods and a maximum allowed surface contamination threshold. The decision to choose 10 000 μg m −2 as the maximum allowed surface contamination for As and Cd in an occupational environment was made with a precautionary approach; this informal standard was based on analogy to other carcinogenic chemicals, and it is considered acceptable for use in industry practice (except in the case of eating surfaces) (Dufault et al., 2010) . As expected, the contamination of work surfaces was linked with the productive period. In this regard, cadmium surface concentrations were also typically higher than the corresponding As concentrations, probably due to the aforementioned greater use of cadmium-based raw materials than arsenic-based in the production process. After the end of the production activities, an increase in surface contamination levels was observed in some specific areas (powder containment boots) with respect to background values. This could be mainly ascribed to the opening, disassembly, and disposal of operation chambers, which resulted in significant dispersal of arsenic and cadmium powders. Generally, surface contamination levels were within the adopted informal threshold of 10 000 μg m −2 (Dufault et al., 2010) both for arsenic and cadmium in the production facility, laboratory, and non-productive areas. Nevertheless, in the containment booths, the contamination levels may easily exceed this limit value (for arsenic N = 2/80; for cadmium N = 21/80) ( Table 2 ). The aforementioned informal threshold was widely maintained for almost all of the surfaces after the first cleaning (reduction up to 90%, estimated by field test) and for most of the remaining contamination with a second cleaning (overall reduction over 95%, estimated by field tests) with the SOP for cleaning and decontamination specifically developed to achieve a final surface concentration on the same order of magnitude of background values. The cleaning SOP consists of the following different stages: (i) contaminants were first removed from workplace surfaces by scraping, brushing, and vacuuming (HEPA-equipped vacuums); (ii) surfaces were then washed and wet wiped with an appropriate solvent (isopropyl alcohol aqueous solution); and (iii) rewashed with water. After this protocol was implemented, the decontamination method and procedures were documented during an intervention survey to ensure the achievement of 'cleanliness' conditions established a priori. Arsenic and cadmium concentrations appeared to be on the same order of magnitude as the background levels for both surface (arsenic = 0.36 µg m 
Biological monitoring
The biological monitoring data (Table 4) showed no significant temporal variation in the biological markers used for surveillance; no statistically significant differences were observed between the exposed and unexposed groups and between the employees working most intimately on the manufacturing processes (operators) and those who were employed in other activities (engineers). This is in contrast to other studies, which show that urinary biomarkers in exposed groups working in the semiconductor manufacturing industry are generally higher than in nonexposed groups (Park et al., 2010; Byun et al., 2013) . Nevertheless, no individual worker has ever shown occupationally related As_u or Cd_u levels above the biological exposure indices recommended for urine samples (end-shift samples), which are 35 µg l −1 for As_u and between 2 and 5 µg g −1 creatinine for Cd_u (SCOEL, 2010; ACGIH, 2013) . Further, mean value for Cd_u both in exposed (0.22 μg g −1 creatinine) and unexposed workers (0.32 μg g −1 creatinine) are compatible with level found in adult population in the absence of occupational exposure, which are generally below 1 μg Cd g −1 creatinine (SCOEL, 2010). Finally, As_u values defined both for the exposed and unexposed workers were consistent with levels found in the European general population without occupational exposure to arsenic (Foà et al., 1984; Farmer and Johnson, 1990; Kristiansen et al., 1997) .
Plant life-cycle stage Cadmium and arsenic air and surface concentrations during the production phase were consistently and significantly higher than background levels (Tables 2  and 3 ) and overall mean values (Figures 1 and 2 ). This result should be interpreted with caution because it may also be ascribed to the sampling strategy, which refers to the worst-case scenario during the production activity, resulting in higher mean concentrations. Concentrations similar to the background levels (ρ MW > 0.05) were then found after the plant shutdown and restoration both for air and surface samples. The results from wipe-test sampling (Table 3 , Figures  1 and 2) showed a slight increase in surface concentrations during the decommissioning period with respect to background values and to the overall mean. This was ascribed as consequent to the disposal of operation chambers, which resulted in a significant dispersion of arsenic and cadmium powders. After the application of the cleaning procedure described below, surface contamination appeared to be on the same order of magnitude of background levels (As = 0.36 µg m (Table 4) showed no significant changes for the studied period; the biological markers did not show any statistically significant variations (As_u: p ANOVA = 0.483; Cd_u: p ANOVA = 0.083) between baseline values (year 2010) and levels measured during the productive period (first to fourth sampling session; year 2011-2012), although a slight decreasing trend in urinary values can be noted during the monitoring period (Figures 1 and 2 ).
Risk management
Some occupational activities (mechanical cleaning of deposition chambers and laboratory simulations) may cause serious contamination within the workplace and for specific workers. Exposure levels may vary considerably depending on several factors such as cleaning frequency, contamination level of equipment for cleaning, presence and efficiency of engineering controls, dust-handling techniques, etc. (Park et al., 2010) . The development of properly guided procedures for workplace and worker surveillance, together with the improvement of removal and containment systems as well as education and training of production and maintenance workers, assisted by specific monitoring activity, were all helpful in preventing the absorption of toxic metals by workers. The definition of a specific SOP was part of a comprehensive risk management program (Table 4) that also addressed other issues such as the abatement of air contamination in isolated work areas (HEPA filters), the protection of uncontaminated surfaces and equipment from possible contamination events and the protection of workers engaged in maintenance, laboratory, and cleaning work practices with PPE. The introduction of a well-suited risk management protocol in this company ensured adequate protection of workers' health. In this regard, the implementation of up-to-date control strategies, including LEV for airborne dust extraction, with mobile HEPAfiltered inlets to be placed in correspondence with the potential sources of cadmium and arsenic dust in laser-scribing stations, laboratories, and deposition chambers, was recommended. This additional risk management action is recommended for future production of CdTe photovoltaic cells because it should contribute to further lowering the air and workplace contamination levels.
Concluding remarks
This is the first study of workers' exposure to arsenic and cadmium in an industrial-scale plant devoted to the production of CdTe-based solar cells including both environmental (PM and surface contamination) and biological (urine samples) monitoring. Despite the limitations in monitoring these particular activities because of their irregular schedule and duration, this study reports a fairly wide number of samples. A similar study was performed in a pilot-scale production (Bohland and Smigiclski, 2000) , and the results were compatible with the evidence reported in the present study. Environmental cadmium concentrations exceeded the corresponding OEL (5 µg m −3 ) only during manufacturing activities, but the results are not reported for that study. In contrast, cadmium exposure in other manufacturing processes (semiconductor deposition, finalization, module recycling, etc.) and biological monitoring results (blood Cd, urine Cd, and urine β2-microglobulin) were well below the respective thresholds.
Some limitations and peculiarities in the study design and methods could have an impact on the exposure assessment. First, environmental measurements were collected on the basis of a worst-case approach due to technical needs: exposure levels from maintenance work may vary considerably depending on several factors (i.e. the cleaning frequency, the contamination level of equipment for cleaning, maintenance area, presence and efficiency of engineering controls, and dust-handling techniques, etc.) and this may be a source of variability among the measurements. For example, maintenance work in the study industry was characterized by a very irregular schedule and duration: maintenance work normally takes 1 or 2 h for each workers, then, for the remainder of the work shift, the maintenance worker was in facilities where no arsenic and cadmium compounds were handled: thus, 8-h TWA level could be significantly variable, depending on whether or not the remaining time involves work entailing arsenic and cadmium exposure. Thus, since authors decided to perform short-term (1-2 h), task-based sampling for laboratory and maintenance worker, the interpretation of the personal exposure concentration is limited by the fact that the some of the reported results are not representative of a typical 8-h TWA exposure. Nevertheless, observed personal concentrations of cadmium compounds were always measured over a period of >1 h and were typically (76% of cases) almost an order of magnitude higher than the corresponding TLV-TWA. In these cases, TLV-TWA would be exceeded anyway. Secondly, biological monitoring was not performed in a perfect match with environmental sampling. For this reason, urine Cd_u and As_u levels may only be interpreted as indicative of long-term exposures. In this regard, cadmium is known to be accumulative in the kidneys and does not begin to excrete in the urine until concentrations become high; however, the observation period (all together 2 years) was long enough to show any accumulation trend, if present. Further, although a blood sample rather than a urine sample is the most suitable sample matrix to monitor exposure to cadmium, the determination of Cd_u requires the collection of a non-invasive urine sample; this is much better accepted by workers in comparison with blood sampling. Nevertheless, the patterns in As_u and Cd_u are assumed to be demonstrative of relationships that would remain consistent.
CON CLUS ION
This article provides exposure information for an industry from environmental (airborne and surface concentration) and biological (urinary concentration) monitoring of arsenic and cadmium. Exposure data were taken for the entire life cycle of the plant. The study shows that workers handling normal processes of fabrication operation are exposed to arsenic and cadmium levels substantially lower than the TLVs. Nevertheless, the possibility of significant exposure to arsenic and cadmium inorganic compounds is likely to be considered in other condition (maintenance work, laboratory test). In particular, personal short-term exposure to cadmium resulted to be higher than the TLV in some cases (maintenance and laboratory workers); further, cadmium airborne concentration (fixed-site monitoring in correspondence of key maintenance and laboratory areas) were high enough to indicate a potential for very serious exposure (Table 2) . Further, the surface sampling results showed that arsenic-and cadmiumcontaining dust were found to be deposited on various surfaces (Table 3) , but mostly in maintenance-related area (powder containment booths). Thus, maintenance and laboratory personnel could have a higher potential for inhalation exposure than other workers, whose exposure to arsenic during routine production work appears to be controlled below the TLV. In conclusion, airborne arsenic and cadmium exposure were well below the TLV when the operation is appropriately maintained in line with engineering controls such as exhaust ventilation and enclosure (i.e. powder containment booths); workers who are involved in various operations (maintenance, laboratory test) could potentially be at risk of significant exposure. Nevertheless, the biological monitoring data did not show significant occupationally related arsenic and cadmium exposure in workers and no significant changes or differences in arsenic and cadmium urinary level among the exposed and unexposed workers were found.
